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Preface

Scope application in transistor circuits is similar in various
respects to application in vacuum-tube circuits. However, there
are many unexpected situations encountered in transistor cir-
cuits because a transistor is a solid-state current-operated de-
vice, whereas a tube is an evacuated, voltage-operated device.
A tube conducts current only by means of electrons, whereas a
transistor conducts current by means of two charge carriers
called electrons and holes. The electrons in a tube flow from
cathode to plate because of electric field forces. In a transistor,
electrons and holes flow partially because of electric fields
(drift fields), and partially because of the diffusion effect. The
diffusion effect can be compared with the expansion of hy-
drogen gas injected at the neck of a balloon. Because of mutual
repulsion of the hydrogen molecules, the injected gas diffuses
throughout the balloon.

In the base of a transistor, electrons or holes cannot be re-
moved by a drift field. Charge carriers stored in the base region
can be removed only by diffusion. Therefore, because of storage
time, we encounter waveform distortions that are not found in
vacuum-tube circuits. Furthermore, because a transistor is a
current-operated device, we will discover that the input-current
waveform to a transistor is distorted by an unexpected polarity
reversal at the termination of the input drive pulse. In turn,
waveform analysis in fast-acting transistor circuits is quite
different from that in corresponding tube circuits. We will find
that even semiconductor diodes produce unexpected output
waveforms in high-speed switching circuits.

If we intend to use scopes intelligently in transistor circuits,
we need to have a good understanding of transistor circuit
action. Therefore, transistor circuit action is explained in this
book wherever it has a direct bearing on waveform analysis.
A wide range of technology has been covered, with emphasis on
those configurations that are of key importance in the operation
of most transistor equipment. Although the book has been
written chiefly from the standpoint of the electronic technician,



the depth of treatment is adequate to meet the needs of students
in junior colleges and technical institutes. Mathematics has
been held to a practical minimum, but some equations have
been included at points where they contribute substantially to
understanding of circuit action.

Many diagrams and waveforms are presented to show clearly
the developments and conclusions of the text discussion. Review
questions have been added at the end of each chapter so that the
reader may check his progress. It is assumed that the reader
is familiar with operation of service-type scopes, and that he
has a basic knowledge of the principles involved in triggered-
sweep scope operation. If the reader lacks this knowledge, he is
advised to refer to basic scope-operation books. Whenever
possible, it is advisable to check out the scope tests in practice.
Facility in scope operation and waveform analysis can be ob-
tained only by a combination of study and practical experience.

ROBERT G. MIDDLETON
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Semiconductor Principles
and Waveform Analysis

Semiconductor devices are used for amplification, oscillation,
modulation, demodulation, and other applications such as
waveshaping. Fig. 1-1 shows the physical construction of pnp
and npn junction transistors. Fig. 1-2 shows the general types
of waveforms associated with amplification, oscillation, ampli-
tude modulation, amplitude demodulation, frequency modula-
tion, and frequency demodulation. A transistor may be used in
a current, voltage, or power amplifier configuration. A signal
of 1mA fed into the input of a transistor may appear at a
20-mA level in the output circuit.

As an oscillator, a transistor converts de voltage into ac volt-
age. In suitable circuit arrangements, a transistor can provide
amplitude modulation (variation in amplitude of an rf signal),
or frequency modulation (variation in frequency of an rf sig-
nal). Demodulation of a-m and fm signals can be accomplished

N-TYPE P-TYPE
P-TYPE SEMICONDUCTOR  p_yypg N-TYPE SEMICONDUCTOR pn.yyp
SEMICONDUCTOR SEMICONDUCTOR SEMICONDUCTOR SEMICONDUCTOR
EMITTER COLLECTOR EMITTER COLLECTOR
LEAD LEAD LEAD LEAD

| S

BASE BASE
LEAD LEAD
(A) Pnp junction transistor. (B) Npn junction transistor.

Fig. 1-1, Transistor construction.
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Fig. 1-2, Transistor applications.

by transistors in associated circuit configurations. A transistor
may also be used to shape one waveform into another wave-
form. Fig. 1-3 illustrates the application of a transistor as a
waveshaper to change a sine wave into a square wave. The
operation of a transistor as a clipper is also shown. Basically,
a transistor is an electronic valve that permits collector supply
current in step with an input waveform. With a suitably chosen
bias, collector current will be permitted only over a certain
portion of the input signal eycle.

A transistor has two junctions, which can be operated as
rectifiers. Whether a transistor amplifies, modulates, demod-
ulates, or clips, depends on the emitter-junction bias. Fig. 1-4
shows the voltage-current characteristic of a pn junction.
Diodes cannot amplify, unless they are of the tunnel-diode con-
struction. This function of a diode is discussed subsequently.
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SQUARE WAVE

SINE WAVE
(A) Squaring action. (B) Clipping action.

Fig. 1-3. Transistor used to modify waveforms.

However, any diode operates as a modulator or demodulator
if it is biased to a nonlinear interval of its voltage-current
characteristic. The advantage of a transistor in modulation
and demodulation action is the amplification, and consequently
the stronger output signal, that is provided by the collector
circuit. Diodes cannot oscillate, unless they are of the tunnel-
diode construction. Both diodes and transistors can give squar-
ing and clipping action, although a transistor provides a
stronger output signal.

MAJORITY
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Fig. 1-4. Current-voltage curve for pn

. . FORWARD BIAS —»
junction.
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BASIC WAVEFORM ANALYSIS

There are certain principles of waveform analysis that we
should understand at this point. Signal processing, in theory,
could be described with reference to any fundamental wave-
form that we might choose. For example, we could choose a
square wave as our fundamental waveform; however, this
would be a poor choice, because it becomes very complicated to
build up a sine wave, or pulse, or sawtooth wave, from a mix-
ture of square waves. In practice we find only two waveforms
that are suitable for use as fundamental waveforms. These are
the sine wave and the exponential wave. The utility of these
two fundamental waveforms stems from mathematical prin-
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ciples that we can neglect at this point. Instead, we will simply
state that all waveforms can be regarded as built up from com-
binations of sine waves and/or exponential waves.

Let us consider the build-up of a square wave from sine
waves, as shown in Fig. 1-5. In theory, an infinite number of
harmonics would have to be combined with the fundamental
sine wave to produce a perfect square wave. In practice, how-
ever, we find that about 20 harmonics suffice to give a reason-
able facsimile of a square wave. This idea of square-wave com-
position is very useful because it can be used to explain how a
square wave is modified when it passes through various kinds
of circuits. For example, if a good square wave is applied to
an amplifier that has limited bandwidth, we perceive that the
higher-frequency harmonics cannot get through to the output
of the amplifier. In turn, the rise time of the square wave is
slowed down, in accordance with the highest harmonic that is
passed by the amplifier.

This is such an important and basic consideration that it is
advisable to explain some of the details that are involved. It is
evident that wave C rises faster than wave A in Fig. 1-5. Simi-
larly, wave E rises faster than wave C, and wave G rises faster

A c

= - SN
’ 7 )
B\\_ A J \‘.
SQUARE WAVE—
E

Fig. 1-5. Synthesis of square wave from
sine waves.

TN I 4T ‘. TN sy ey
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FUNDAMENTAL PLUS 3D, 5TH, AND 7FH HARMONICS
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Fig. 1-6. Rise time (T;) of square wave.

than wave E. In practice, we need to know how the rise time
of an output square wave is related to the high-frequency cut-
off point of an amplifier. This is a simple formula that is
written:

1

T’=§—f:

(1.1)

where,

T, is the rise time of the output square wave,
f. is the frequency at which the amplifier response is down
3 dB.

Fig. 1-6 illustrates the meaning of rise time. Rise time is
measured between the 10-percent and 90-percent points on the
leading edge of a square wave. Accurate measurement requires
the use of a scope with calibrated and triggered sweeps. The
waveform is greatly expanded on the triggered-sweep function
so that its leading edge occupies a substantial portion of the
horizontal interval. In turn, the 10-percent and 90-percent
points are noted, and the rise time is read from the settings of
the calibrated sweeps. The —3-dB point of an amplifier response
curve occurs at the point where the output voltage falls to 0.707
of its maximum value. This is shown in Fig. 1-7. Since the out-

1



Fig. 1.7. High-frequency cutoff
point f..

VOLTAGE

0,707
OF MAXIMUM

FREQUENCY ————

put power is reduced one half at the —3-dB point, the high-
frequency cutoff point is also called the half-pewer point.

In spite of the utility of Fig. 1-5 in giving a general descrip-
tion of what causes reduced rise time, we must be on our guard
to avoid absurd conclusions. In other words, the relations in
Fig. 1-5 are not completely descriptive of amplifier action. For
example, we might suppose from inspection of Fig. 1-5 that if
a square wave is passed through an amplifier that has a narrow
bandwidth, and that all harmonics above the 7th harmonic are
removed, the reproduced waveform would have a “wavy” top.
However, this is not so—the waveform will have a flat top.
This example of square-wave analysis has given us an unex-
pected test result. Let us analyze the situation to see why our
conclusion was incorrect.

When a square wave is applied to an amplifier, we do not
actually apply a combination of sine waves. That is, we have
merely stated thus far that a square wave could be built up or
synthesized from a large number of sine waves. The fact of
the matter is that a square wave is generated by switching a
dc voltage on and off. There is more than one way of looking
at a switched dec voltage. We can state that the waveform could
be built up from a large number of sine waves. This is quite
a different situation from what the generator actually does—it
merely switches a de voltage on and off. Therefore, we must
ask what the amplifier response will be to a dc voltage that is
suddenly applied and then as suddenly removed. This gets us
into the relation between square waves and exponential wave-
forms; details must be reserved for subsequent discussion.

Fig. 1-7 shows the relation between a voltage value and a
dB value. A tabulation of these relations is given in Table 1-1.
Amplifier bandwidth is measured in two different ways. In the
case of a radio receiver, the bandwidth is defined as the num-
ber of hertz between the —3-dB points on the frequency-re-
sponse curve. On the other hand, in the case of a TV receiver,
the bandwidth is defined as the number of hertz between the
—6-dB or 50 percent-of-maximum voltage points. Examples

12



Table 1-1. DB expressed as power and voltage (or current) ratios

d8

Power Voltage - + Voltage Power
Ratio Ratio «— d Ratio Ratio
1.000 1.0000 0 1.000 1.000
9772 ,9886 J 1,012 1.023
9550 9772 2 1.023 1.047
9333 9661 3 1.035 1.072
9120 9550 4 1.047 1.096
8913 9441 5 1.059 ¥.122
.8710 9333 6 1.072 1.148
8511 9226 7 1.084 1.175
8318 9120 8 1.096 1.202
8128 9016 9 1,009 1.230
.7943 8913 1.0 1122 1.259
6310 7943 2.0 1.259 1.585
.5012 7079 3.0 1.413 1.995
.3981 6310 4.0 1.585 2.512
3162 .5623 50 1.778 3.162
2512 5012 6.0 1.995 3.981
1995 4467 7.0 2.239 5.012
1585 .3981 8.0 2512 6.310
.1259 .3548 9.0 2.818 7.943
.10000 3162 10,0 3.162 10.00
07943 .2818 1.0 3.548 12.59
.06310 2512 12.0 3.98) 15.85
05012 .2293 13.0 4.467 19.95
03981 1995 14.0 5.012 25.12
.03162 1778 15.0 5.623 31.62
02512 1585 16.0 6.310 39.81
01995 1413 17.0 7.079 50.12
01585 1259 18.0 7.943 63.10
01259 1122 19.0 8.913 79.43
01000 .1000 20.0 10.000 100.00
107 3.162 X 1072 300 3.162X 10 10°
1074 1072 40.0 10? 104
1075 3.162 X 1072 50.0 3.162 X 102 10°
107 1073 60.0 10° 10%
1077 3.162X% 107 70.0 3.162 X10° 107
107 1074 80.0 104 108
107? 3.162 X 1073 90.0 3.162 X 10* 10°
10°'° 10°% 100.0 108 10'°

13



3.41MH2 3 SI:AHz

{A) In radio-receiver circuit. (B} In TV-receiver circuit.

Fig. 1-8. Bandwidth concepts.

are shown in Fig. 1-8. In many cases, lab-type scopes have
graticules with dB scales. To locate a —3-dB or a —6-dB point
on a response curve, we adjust the waveform as depicted in
Fig. 1-9. Then, dB points can be read directly from the scope
screen.

Next, let us review the basic voltage of a sine wave, as shown
in Fig. 1-10. Service-type VOM’s read the rms value of a sine
wave. The rms value is equal to 0.707 of the peak voltage (either
positive or negative peak). In turn, the peak-to-peak voltage of
a sine wave is equal to twice the peak voltage. It follows that the
peak voltage is equal to 1.414 times the rms voltage, and that
the rms voltage is equal to the peak voltage divided by 1.414.
Again, the rms voltage of a sine wave is equal to its peak-to-
peak voltage divided by 2.83. These are important voltage
relations that are not always clearly understood by beginners.

PEAK OF RESPONSE CURVE

100% ~—

——_ |
N y4AANRNIN
N —

—-6dB

10% —

n— X2 < 7 ™

—-ocodB
BASE OF RESPONSE CURVE

g. 1-9. Scope graticule calibrated in dB values.

Fi
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- TIME

Fig. 1-10. Fundamental sine wave,

It is evident that the voltage of a sine wave is not related to
its frequency. They are independent parameters. This fact is
illustrated in Fig. 1-11. It must be emphasized that the rela-
tions among rms, peak, and peak-to-peak values that have been
cited for a sine wave are not true for other waveforms, such as

il VA )V

ORIGINAL FREQUENCY HIGHER FREQUENCY LOWER FREQUENCY

(A) Sine waveforms with same amplitude.

1

Ui

ORIG INAL AMPLITUDE GREATER AMPLITUDE LESS AMPLITUDE
(B) Sine waveforms with same frequency.
Courtesy Allied Radio Corp.
Fig. 1-11. Distinction between amplitude and frequency.
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square waves., Therefore, it is customary to compare various
waveform amplitudes only in terms of their peak-to-peak
values. The peak-to-peak voltage is of chief concern in analysis
of transistor circuit action, and we seldom investigate the rms
voltage of a complex waveform. It follows that when we cali-
brate a scope with a VOM, we must use a sine-wave source,
multiply the VOM reading by 2.83 to obtain its peak-to-peak
value, and then calibrate the scope in terms of this peak-to-
peak voltage. For example, if we start with a 6.3-volt sine-wave
source, its peak-to-peak voltage is equal to nearly 18 volts.
Therefore, the vertical deflection on the scope screen repre-
sents approximately 18 volts pk-pk.

After a scope has been calibrated in peak-to-peak voltage
values, the peak-to-peak voltage of any complex waveform can
be read directly from the screen. Fig. 1-12 illustrates this prin-
ciple. Note that peak-to-peak values are equivalent to de val-
ues; that is, we can calibrate a dc scope from a de voltage
source, and employ this calibration for measurement of peak-
to-peak voltages. The sine wave depicted in Fig. 1-10 has a
positive half-cycle and a negative half-cycle; similarly, the
square wave has a positive half-cycle and a negative half-cycle.
On the other hand, the 4+ pulse” has a positive excursion only.
Similarly, the “— pulse” has a negative excursion only. These
terms are related to the de¢ component of a pulse, as explained
subsequently. The complex wave has a positive half-cycle and a
negative half-cycle.

In summary, an ac waveform (a waveform with both posi-
tive and negative excursions) has no polarity indication. For
example, the sine wave, square wave, and complex wave de-
picted in Fig. 1-12 have no polarity indications. On the other
hand, a de waveform has a polarity indication; thus, the two
pulse waveforms in Fig. 1-12 are marked positive and negative,
respectively. These are called dec pulses because their total
excursion is a single polarity. We will find that an ac pulse can
be changed into a de pulse, or vice versa, by suitable variation

S INE WAVE SQUARE WAVE + PULSE - PULSE COMPLEX WAVE

RMS VALUE
SINE WAVE

P

Courtesy Allied Radio Corp.
Fig. 1-12. Different waveforms having same pesk-to-peak voltage.
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of the de component. Accordingly, let us observe the distinction
between an ac voltage, a pulsating dc voltage, and an ac volt-
age with a de component, as depicted in Fig. 1-13.

An ac waveform has an average value of zero. This simply
means that the area of the positive half-cycle is equal to the
area of the negative half-cycle. In other words, if we apply an
ac waveform to a dc voltmeter, the pointer does not deflect.
However, a pulsating de waveform has a dc component; this
dec component exceeds the peak value of the ac component, and
therefore, the waveform does not cross the 0-volt axis. In the
example shown in Fig. 1-13, the pulsating dc waveform has a
positive excursion only. The average value of a pulsating dc
waveform is not zero; if we apply a pulsating de waveform to
a dc voltmeter, the pointer indicates the value of the de compo-
nent in the waveform. Finally, an ac waveform with a de com-
ponent crosses the 0-volt axis, because the dc component has a
value that is less than the peak value of the ac component. An

+
E >
AC D @ ?
AC SOURCE ONLY
E)
= 1lils
DC LEVEL — i)}
3
£
PULSATING DC  + b3
<
0 AC SOURCE WITH DC

SOURCE GREATER
THAN PEAK AC VALUE

WA £

VoV VY

ACWITH
DC COMPONENT

+

o

AC SOURCE WITH DC
SOQURCE LESS THAN
PEAK AC VALUE

Fig. 1-13. Three basic combinations of ac and dc values.
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ac waveform with a de component has both positive and nega-
tive excursions. Its average value is not zero; if we apply an ac
waveform with a de component to a dc voltmeter, the pointer
indicates the value of the dc component in the waveform.

With this understanding of the distinctions among ac wave-
forms, pulsating dc¢ waveforms, and ac waveforms with de
components, let us consider the positive square wave depicted
in Fig. 1-14. The bottom of the square wave touches the 0-volt
axis, but does not cross the axis. Therefore, this is a pulsating
dc waveform. We note that this positive square wave is formed
by combining an ac square wave with a dc component that has
a value equal to the peak voltage of the ac square wave. Note
that when an ac square wave is changed into a de square wave,
the peak voltage of the waveform is doubled. That is, peak
voltage is measured from the 0-volt axis. If we add a positive
dc voltage to an ac waveform, the positive-peak voltage of the
ac waveform is increased by the value of the de component. Of
course, this process decreases the negative peak voltage of the
ac waveform by an amount equal to the value of the de compo-
nent.

AMPLITUDE

________ DC COMPONENT Fig. 1-14. Square wave with positive ex-

12E .
cursion only.

_ovors_

WAVEFORMS IN TRANSISTOR AMPLIFIER CIRCUITS

Most waveforms processed by transistor amplifiers are pul-
sating dc waveforms, as shown in Fig. 1-15. The reason for
this occurrence is that de bias voltages are applied to the base
and collector of the transistor. Moreover, a transistor cuts off
if it is reverse-biased. With reference to Fig. 1-15A, a negative
dc bias is applied to the base of the transistor, and a negative
dc voltage is applied to the collector. An ac signal voltage is
coupled into the base of the transistor; here, the ac waveform
combines with the de bias voltage to produce a pulsating dc
waveform. As seen in the inset, this waveform has a negative
excursion only.

Next, in Fig. 1-15A, the pulsating de signal that flows into
the base diffuses into the collector circuit. Since the collector
operates at a higher de¢ voltage than the base, the drop across
R, is much greater than the drop between base and emitter.

18



In other words, voltage amplification is obtained in the collec-
tor circuit. Of course, the collector output waveform is also a
pulsating de¢ waveform; the output waveform has a negative
excursion only. Note that the ac component of the output wave-
form is reversed in phase, compared with the ac component of
the input waveform.

Ao

‘._

AA
V

INPUT <

(8) Npn grounded emitter.

Fig. 1-15. Pulsating dc waveforms in transistor amplifier circuits.

Next, if we use an npn transistor, as shown in Fig. 1-15B,
the polarity of the pulsating dc waveforms is reversed. That is,
the base of the transistor is biased positively, and a positive
voltage is applied to the collector. An ac signal is coupled into
the base of the transistor; here, the ac signal combines with
the positive bias voltage to form a pulsating dc voltage. This
waveform has a positive excursion only. The pulsating dc
waveform diffuses through the base into the collector circuit,
where it appears as an amplified pulsating dc waveform. Its
ac component is reversed in phase, but the output waveform
nevertheless has a positive excursion only.

It is important for us to note that a coupling capacitor re-
moves the dc component of a pulsating dc waveform, as shown

19



in Fig. 1-16. We observe that the input waveform has both an
ac component and a de component. However, the capacitor
blocks the dc component; therefore, only the ac component
appears on the output end of the capacitor. A transformer has
the same action on a pulsating dc waveform; the transformer
blocks the flow of dc, and when a pulsating de¢ waveform is
applied to the primary, only the ac component appears at the
secondary.

+ +

: AAAﬂﬂ
|7

i
[ e

PULSATING DC
{DC+AD)

Fig. 1-16. Capacitor does not pass de component.

Pulsating dc waveforms in the CB (common base) and CC
(common collector) transistor amplifier circuits are seen in
Fig. 1-17. Observe in Fig. 1-17A that the CB configuration does
not reverse the sighal phase from input to output. However,
the emitter of the pnp transistor is biased positively, and a
negative dc voltage is applied to the collector. In turn, the input
waveform has negative polarity, but the output has positive
polarity. Both are pulsating de waveforms, but their polarities
are reversed from input to output. If an npn transistor is used,
as shown in Fig. 1-17B, the input waveform has positive polar-
ity, but the output waveform has negative polarity. Both are
pulsating de waveforms.

In the CC transistor amplifier configuration shown in Fig.
1-17C, the output waveform has the same phase as the input
waveform. The base is biased negatively, and the emitter is
biased positively with respect to the base. Note carefully that
current flow through the emitter load resistor produces a volt-
age drop that is negative with respect to ground. Therefore,
the output waveform has negative polarity. In this arrange-
ment, the input waveform is a negative pulsating dc voltage,
and the output waveform is also a negative pulsating dc volt-
age, Next, with reference to Fig. 1-17D, the polarities are re-
versed because an npn transistor is used in the circuit. The
input waveform is a positive pulsating dec voltage, and the out-
put waveform is also a positive pulsating de voltage.

20



If we use a de scope to check the waveforms at the input and
output terminals of a transistor amplifier, we observe a pat-
tern such as illustrated in Fig. 1-18. Note that when no signal
is applied to the vertical-input terminals of the scope, the beam
rests at the 0-volt level. Next, when a pulsating dc signal is
applied to the scope, the ac component of the waveform is dis-
placed above the 0-volt level (assuming that the de component
is positive). The average value of the ac waveform rests at the
dc component level in the pattern. If the scope has been cali-
brated, we can read the de component voltage and the ac com-
ponent pk-pk voltage directly from the screen.

The beginner should carefully note that the pattern shown
in Fig. 1-18 is obtained only if a dec scope is utilized. If we
employ an ac scope, the sine wave will not be displaced above
the 0-volt level. Instead, the sine wave will appear centered
on the 0-volt level. This is just another way of saying that an
ac scope removes the de component from a pulsating de wave-
form. In turn, the de component level coincides with the 0-volt
level when an ac scope is used. Therefore, an ac scope cannot
be used to measure the value of the de component in a pulsating
de waveform.

\
8l AS Ho  ourer

NPUT

(B) Common-base npn transistor.

(C) Common-collector pnp transistor. (D) Common-collector npn transistor.

Fig. 1-17. Waveforms in common-base and common-collector configurations.
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Fig. 1-18. Response of dc scope to ac voltage having dc
component.

PULSE VOLTAGES

Some of the circuits in transistor TV receivers process pulse
waveforms. Therefore, it is important for us to clearly under-
stand the voltages that are specified in a pulse waveform. Fig.
1-19 shows the voltages in an ac pulse waveform. The positive-
peak voltage is not equal to the negative-peak voltage. To find
the peak-to-peak voltage of the pulse, we add the positive-peak
and the negative-peak voltages. If this waveform is displayed
on the screen of either a dc or an ac scope, the 0-volt axis of
the pulse waveform coincides with the 0-volt level on the scope
screen. In turn, if the scope is calibrated, we can read the val-
ues of the positive-peak voltage and of the negative-peak volt-
age directly from the screen.

Note carefully that the average of the ac pulse pictured in
Fig. 1-19 is zero. This means that if the ac pulse is applied to
a dec voltmeter, the pointer will not deflect. An average value
of zero stems from the fact that the area enclosed by the posi-
tive excursion of the pulse waveform is exactly the same as the
area enclosed by the negative excursion. Coulomb’s law for
quantity of electricity, or charge flow, is formulated:

(1.2)

where,

Q is charge in coulombs,
t is time in seconds,

I is current in amperes,
E is potential in volts,
R is resistance in ohms.
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Since the load resistance has a fixed value in a transistor
amplifier circuit, the current value is proportional to the volt-
age value. Therefore, we recognize that voltage in Fig. 1-19 is
proportional to current. In turn, the area enclosed by the posi-
tive excursion of the pulse waveform is proportional to the
product of current and time. Similarly, the area enclosed by
the negative excursion of the pulse waveform is proportional
to the product of current and time. Formula (1.2) states that
the product of current and time is equal to the quantity of elec-
tricity, or value of charge flow. In an ac pulse waveform, the
positive and negative areas are always exactly equal. Conse-
quently, there is just as much positive electricity in a pulse
waveform as there is negative electricity, and the average
value of the ac pulse waveform is necessarily zero.

T _ -
AVERAGE
.l POSITIVE At EQU IVALENT
PEAK-TO-PEAK [+ PEAK Yok - ---{oLiE POS ITIVE
VOLTAGE VOLTAGE DCVALUE peak VOLTAGE
| | 0-voLT + Un o+
i - I axss / 0 voLTs

NEGATIVE PEAK VOLTAGE l—1 evete—

Fig. 1-19. Voltages in ac pulse waveform  Fig. 1-20, Average valve of dc pulse is
(positive and negative areas equal). equal to its dec component value,

Next, let us change the ac pulse shown in Fig. 1-19 into a
dc pulse. This can be done by combining the ac pulse with a
positive de voltage that has a value equal to the negative peak
voltage of the pulse waveform, thus obtaining a positive pulsat-
ing de waveform. This waveform will have a positive peak
voltage equal to the peak-to-peak voltage of the ac pulse. With
reference to Fig. 1-20, it can be seen that the average value
of a positive pulse is equal to its dc component value. That is,
if we put the unshaded area A into the space indicated by the
shaded area A, we have converted the dc pulse into a steady
dec voltage. This means that if a dc pulse is applied to a dc volt-
meter, the voltmeter will read the value of the de component
in the pulse.

Fig. 1-21 shows the meaning of the rise time of a pulse. Of
course, a pulse has the same rise time, whether it is checked
on a dc scope or an ac scope. In other words, the presence of a
dc component in a pulse does not affect its rise time. If the
pulse happens to have a de component, the only difference be-
tween an ac scope display and a dc scope display is that the de
component will shift the waveform vertically on the screen of
a dc scope. This results from the fact that application of a dc
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